T h e ne w e ngl a nd jou r na l o f m e dicine A mong patients with human epidermal growth factor receptor 2 (HER2)-positive early breast cancer who have received neoadjuvant chemotherapy plus HER2-targeted therapy and are then found to have residual invasive disease at surgery, the risk of disease recurrence or death is higher than the risk among patients with a pathological complete response. [1] [2] [3] [4] [5] The current standard of postsurgical systemic treatment in patients with hormone-receptor-positive disease is completion of 1 year of HER2-targeted therapy and at least 5 years of adjuvant endocrine therapy, irrespective of pathological findings. 6, 7 Trastuzumab emtansine (T-DM1) is an antibody-drug conjugate of trastuzumab and the cytotoxic agent emtansine (DM1), a maytansine derivative and microtubule inhibitor. 8 T-DM1 retains trastuzumab activity while providing intracellular delivery of DM1 to HER2-overexpressing cells. 9 In two phase 3 trials involving patients with HER2-positive advanced breast cancer who had previously received HER2-targeted therapy including trastuzumab and chemotherapy, T-DM1 showed superior efficacy and a favorable riskbenefit profile as compared with capecitabine plus lapatinib or treatment of the physician's choice.
10-13 T-DM1 is approved for use in patients with HER2-positive metastatic breast cancer who previously received treatment with trastuzumab and a taxane. 14 Given the activity of T-DM1, we hypothesized that it may provide a benefit for patients in whom residual invasive cancer is detected in the resected breast specimen or axillary nodes at surgery after completion of trastuzumab-based neoadjuvant treatment. A phase 2 trial showed that administration of 17 cycles of T-DM1 after an anthracycline regimen was feasible and was not associated with unacceptable toxic effects in patients with HER2-positive early breast cancer. 15 Here, we report the primary results of the KATHERINE trial, which compared adjuvant T-DM1 with trastuzumab in patients who had HER2-positive early breast cancer and residual invasive cancer at surgery after completion of neoadjuvant chemotherapy plus HER2-targeted therapy.
Me thods

Trial Design and Oversight
We conducted a multicenter, randomized, openlabel, phase 3 trial. Eligible patients were randomly assigned to receive T-DM1 or trastuzumab as adjuvant therapy (Fig. S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org).
The trial was designed by a steering committee comprising members of the German Breast Group, the National Surgical Adjuvant Breast and Bowel Project (NSABP) Foundation, independent investigators, and the sponsor (F. Hoffmann-La Roche/Genentech) and was conducted under the guidance of an independent data and safety monitoring committee. Investigators at the trial sites entered data into a database that was held and managed by the NSABP Foundation. The prespecified interim analysis was conducted under the auspices of the data and safety monitoring committee, which recommended full analysis and disclosure of the results. The results and recommendation were reviewed and accepted jointly by the sponsor and members of the trial steering committee, who vouch for the completeness and accuracy of the data and analyses and for the fidelity of the trial to the protocol (available at NEJM.org). The first draft of the manuscript was written by the first author and the last author with assistance from a medical writer paid by the sponsor. All the authors contributed to subsequent drafts. The trial was conducted in accordance with the amended Declaration of Helsinki, and the protocol was approved by the institutional review board at each participating center. All the patients provided written informed consent.
Patients
Patients were eligible for participation in the trial if they had histologically confirmed, HER2-positive, nonmetastatic, invasive primary breast cancer (clinical tumor stage T1 to T4, nodal stage N0 to N3, and metastasis stage M0 excluding clinical stage T1aN0 or T1bN0) at presentation and if residual invasive disease was detected pathologically in the surgical specimen of the breast or axillary lymph nodes after completion of taxane-based neoadjuvant chemotherapy administered with trastuzumab. HER2 status was assessed in pretreatment biopsy samples if they were available; if they were not available, a surgical sample was used for assessment. HER2 status was centrally confirmed before trial enrollment (details are provided in the Supplementary Methods section of the Supplementary Appendix). Patients had to have completed at least six A Quick Take is available at NEJM.org cycles (16 weeks) of a conventional preoperative chemotherapy regimen containing a minimum of 9 weeks of taxane-based therapy and 9 weeks of trastuzumab therapy (slightly shorter treatment durations were permitted for dose-dense regimens). Anthracyclines and alkylating agents were permitted according to local standards, as were additional HER2-targeted agents. (Additional eligibility criteria are provided in the Supplementary Methods section of the Supplementary Appendix.) Exclusion criteria included the following: gross residual disease remaining after mastectomy or positive margins after breast-conserving surgery; progressive disease during neoadjuvant therapy; and cardiopulmonary dysfunction, including heart failure of New York Heart Association (NYHA) class II (mild symptoms and function limitation) or higher or a history of a reduction in the left ventricular ejection fraction to less than 40% with previous therapy.
Randomization and Treatment
Within 12 weeks after surgery, patients were randomly assigned in and endocrine therapy were administered according to institutional standards and the trial protocol.
Assessments
Imaging assessment for metastatic disease was not mandatory after patients received neoadjuvant therapy and underwent surgery before randomization. Patients were assessed for toxic effects before each dose of trial therapy was administered and during scheduled follow-up visits. The left ventricular ejection fraction was assessed during the last week of cycle 2; every four cycles thereafter; at trial-drug completion (if an assessment was not performed in the previous 6 weeks); at 3, 6, 12, 18, and 24 months; and annually thereafter to year 5. Clinical assessments for disease recurrence occurred every 3 months from the date of randomization to year 2, then every 6 months to year 5, and annually thereafter to year 10.
Statistical Analysis
The primary end point, invasive disease-free survival, was defined as the time from randomization until the date of the first occurrence of one of the following events (hereafter referred to as invasive-disease events): recurrence of ipsilateral invasive breast tumor, recurrence of ipsilateral locoregional invasive breast cancer, contralateral invasive breast cancer, a distant disease recurrence, or death from any cause. The standardized definitions for efficacy end points (STEEP criteria) also include second primary nonbreast cancer as an invasive-disease event, 16 so this larger definition of invasive-disease events plus second primary nonbreast cancer was used as a secondary end point. Other secondary end points included disease-free survival (including noninvasive breast cancers), overall survival, distant recurrence-free survival, and safety.
A sample of 1484 patients was planned on the basis of a requirement of 384 invasive-disease events to provide 80% power to detect a hazard ratio of 0.75 with a two-sided significance level of 5% for the primary analysis. This calculation assumed that the percentages of patients who would be free of invasive disease at 3 years would be 70.0% with trastuzumab and 76.5% with T-DM1. A single interim analysis of invasive disease-free survival was planned when approximately 67% of the projected invasive-disease events had occurred, with a P value of 0.0124 for T h e ne w e ngl a nd jou r na l o f m e dicine an efficacy stopping boundary or an observed hazard ratio of less than 0.732. The results of the interim analysis crossed the early stopping boundary for benefit of T-DM1 and are presented here.
The primary analysis was based on the intention-to-treat population. An unstratified logrank test was used to compare invasive diseasefree survival between the two treatment groups, as prespecified in the statistical analysis plan, because the smallest subgroup had fewer than five patients in either group. A Cox proportionalhazards model was used to estimate the hazard ratio and its 95% confidence interval. The percentage of patients who would be free of invasive disease at 3 years in each treatment group was estimated with the Kaplan-Meier method. Data from patients who did not have a documented event were censored at the date the patient was last known to be alive and event-free.
The first interim analysis of overall survival was planned to occur if the interim analysis of invasive disease-free survival crossed the prespecified boundary. The overall type I error is controlled at 0. The safety analysis included all the patients who received at least one dose of a trial drug. Cardiac events and potential cases of hepatic dysfunction were adjudicated by an independent clinical-events committee. Cardiac events were defined as death from a cardiac cause or heart failure of NYHA class III or IV, with a decrease in the left ventricular ejection fraction of at least 10 percentage points from baseline to a value of less than 50%. These events were summarized according to treatment group.
R esult s
Patients
From April 2013 through December 2015, a total of 1486 patients were randomly assigned to receive T-DM1 or trastuzumab (743 patients in each group) at 273 trial sites in 28 countries. The median duration of follow-up in the intentionto-treat population was 41.4 months (range, 0.1 to 62.7) in the T-DM1 group and 40.9 months (range, 0.1 to 62.6) in the trastuzumab group. After randomization, 23 patients in the trastuzumab group and 4 patients in the T-DM1 group did not receive assigned therapy as part of the trial (Fig. S2 in the Supplementary Appendix). The baseline characteristics of the patients were balanced between the two treatment groups (Table 1, and Table S1 in the Supplementary Appendix). Hormone-receptor-positive disease was present in 72.3% of the patients. The majority of the patients (76.9%) had received an anthracycline-containing neoadjuvant chemotherapy regimen, and another HER2-targeted agent in addition to trastuzumab had been administered as a component of neoadjuvant therapy in 19.5% of the patients.
Efficacy
The early reporting efficacy boundary was crossed at the prespecified interim analysis, which triggered full trial analysis. Invasive disease occurred in 91 patients who received T-DM1 (12.2%) and 165 patients who received trastuz umab (22.2%). Estimated percentages of patients who would be free of invasive disease at 3 years were 88.3% in the T-DM1 group and 77.0% in the trastuzumab group. Invasive disease-free survival, the primary end point, was significantly higher among patients who received T-DM1 than among those who received trastuzumab (hazard ratio, 0.50; 95% confidence interval [CI], 0.39 to 0.64; P<0.001) (Fig. 1) . Distant recurrence as the first invasive-disease event occurred in 78 patients who received T-DM1 (10.5%) and 118 patients who received trastuzumab (15.9%) (Table S2 in the Supplementary Appendix). The risk of distant recurrence was lower in the T-DM1 group than in the trastuzumab group (hazard ratio, 0.60; 95% CI, 0.45 to 0.79) ( Table S3 in the Supplementary Appendix).
A subgroup analysis of invasive disease-free survival revealed a consistent benefit of T-DM1 across stratification cohorts and other subgroups (Fig. 2) , including patients with hormone-receptor-positive or hormone-receptor-negative disease, patients with positive or negative pathological nodal status after neoadjuvant therapy, and patients with either no residual invasive pri-mary disease or residual primary disease of 1 cm or less in the breast. In an exploratory analysis, benefit was seen in 331 patients with residual invasive disease of 1 cm or less in the breast and negative lymph nodes, with invasive-disease events in 17 patients in the T-DM1 group (10.0%) and 25 patients in the trastuzumab group (15.5%) (hazard ratio, 0.60; 95% CI, 0.33 to 1.12). A benefit of adjuvant T-DM1 relative to adjuvant trastuzumab was observed irrespective of neoadjuvant HER2-targeted therapy. Among patients who received neoadjuvant trastuzumab with chemotherapy, invasive-disease events occurred in 78 patients in the T-DM1 group and 141 patients in the adjuvant trastuzumab group (hazard ratio, 0.49; 95% CI, 0.37 to 0.65). Among patients who received neoadjuvant trastuzumab plus a second HER2-directed therapy with chemotherapy, invasive-disease events occurred in 13 patients in the T-DM1 group and 24 patients in the adjuvant trastuzumab group (hazard ratio, 0.54; 95% CI, 0.27 to 1.06). Pertuzumab was the second therapy in 93.8% of patients who received a second neoadjuvant HER2-directed agent, and in this group, invasive-disease events occurred in 12 patients in the T-DM1 group and 24 patients in the adjuvant trastuzumab group (hazard ratio, 0.50; 95% CI, 0.25 to 1.00) ( Table  S4 in the Supplementary Appendix).
A total of 98 deaths were reported (42 in the T-DM1 group and 56 in the trastuzumab group), and the overall survival analysis did not cross the early reporting boundary (hazard ratio for death, 0.70; 95% CI, 0.47 to 1.05) (Fig. 1) . Of 
the patients who died, 2 in the T-DM1 group and 3 in the trastuzumab group did not have previous invasive disease.
Safety
A total of 1460 patients (740 in the T-DM1 group and 720 in the trastuzumab group) were included in the safety analysis. All 14 cycles of assigned therapy were completed in 71.4% of patients who received T-DM1 and 81.0% of patients who received trastuzumab (Tables S5 and S6 in the Supplementary Appendix). In the T-DM1 group, 77 patients (10.4%) had one dose-level reduction, and 29 (3.9%) had a second dose-level reduction (Table S6 in the Supplementary Appendix). Of the 133 patients who discontinued T-DM1 early, 71 switched to trastuzumab, of whom 63 completed a total of 14 cycles of HER2-targeted treatment.
The most common adverse events of grade 3 or higher were a decreased platelet count (in 5.7% of the patients) and hypertension (in 2.0%) in the T-DM1 group and hypertension (in 1.2%) and radiation-related skin injury (in 1.0%) in the trastuzumab group (Table 2) . Serious adverse events occurred in 94 patients who received T-DM1 (12.7%) and 58 patients who received trastuzumab (8.1%). Adverse events leading to discontinuation of the trial drug occurred in 133 patients in the T-DM1 group (18.0%) and 15 patients in the trastuzumab group (2.1%). In the T-DM1 group, the most common adverse events leading to discontinuation of the drug were laboratory abnormalities (decreased platelet count [in 4 Invasive disease-free survival (Panel A) was defined as the time from randomization until the date of the first occurrence of one of the following: recurrence of ipsilateral invasive breast tumor, recurrence of ipsilateral locoregional invasive breast cancer, contralateral invasive breast cancer, a distant disease recurrence, or death from any cause. Distant recurrence (Panel B) was defined as evidence of breast cancer in any anatomical site -other than ipsilateral invasive breast tumor or recurrence of locoregional invasive breast cancerthat was either histologically confirmed or clinically diagnosed as recurrent invasive breast cancer. No statistical adjustments were made for multiple comparisons. For overall survival (Panel C), the P value for the boundary for significance in this prespecified interim analysis was less than 0.000032, corresponding to a hazard ratio of less than 0.43. CI denotes confidence interval. 
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Unstratified hazard ratio for disease recurrence, 0.60 (95% CI, 0.45-0.79) Five patients with a ypT1 tumor stage had ypT1 disease without further subspecification. The ypT4 category includes all patients with ypT4 and one patient with ypTX. The size of the black squares corresponds to the number of patients. ER denotes estrogen receptor, and HER2 human epidermal growth factor receptor 2. T h e ne w e ngl a nd jou r na l o f m e dicine and decreased ejection fraction (in 1.2%). One patient in the T-DM1 group who had a decreased platelet count died from an intracranial hemorrhage that occurred after a fall ( Table 2 ). The percentages of patients with hemorrhage of grade 3 or higher were similar in the T-DM1 group and the trastuzumab group (0.4% and 0.3%). Adverse events of any grade were more common in the T-DM1 group than in the trastuzumab group (98.8% vs. 93.3%) ( Table 3, and Table  S7 in the Supplementary Appendix), and 25.7% of the patients had adverse events of grade 3 or higher in the T-DM1 group, as compared with 15.4% in the trastuzumab group. Peripheral sensory neuropathy of any grade was reported in 138 patients who received T-DM1 (18.6%) and 50 patients who received trastuzumab (6.9%); 103 of the 138 cases of sensory neuropathy in the T-DM1 group (74.6%) were reported by the investigators as being resolved at the data cutoff point. Pneumonitis (of any grade) occurred in 19 patients in the T-DM1 group (2.6%) and 6 patients in the trastuzumab group (0.8%). Of the adverse events of any grade, 11 (1.5%) and 5 (0.7%), respectively, were radiation pneumonitis; all cases were resolved at the data cutoff point. Increased aminotransferase levels of any grade occurred more frequently in the T-DM1 group (elevated alanine aminotransferase level in 23.1% of the patients and elevated aspartate aminotransferase level in 28.4%) than in the trastuzumab group (elevated alanine aminotransferase level in 5.7% of the patients and elevated aspartate aminotransferase level in 5.6%) ( Table 3) . Two adjudicated cases of hepatic nodular regenerative hyperplasia occurred in the T-DM1 group. Adjudicated cardiac events occurred in 4 patients in the trastuzumab group (0.6%) and in 1 patient in the T-DM1 group (0.1%).
T-DM1 Trastuzumab
Discussion
In this trial, adjuvant treatment with T-DM1 resulted in a 50% lower risk of recurrence of invasive disease or death than adjuvant continuation of trastuzumab among patients with HER2-positive early breast cancer and residual invasive disease after completion of neoadjuvant chemotherapy plus HER2-targeted therapy. As expected, a higher percentage of patients had adverse events in the T-DM1 group than in the trastuzumab group; adverse events of grade 3 or higher occurred in 25.7% of patients in the T-DM1 group and in 15.4% of those in the trastuzumab group. Subgroup analyses showed a consistent benefit, irrespective of hormone-receptor status, the extent of residual disease at surgery, single or dual HER2-targeted therapy in the neoadjuvant regimen, and baseline characteristics of the patients. Distant recurrence was the first invasive-disease event in fewer patients in the T-DM1 group than in the trastuzumab group (10.5% vs. 15.9%). Additional follow-up will be necessary to determine whether there is an effect of adjuvant T-DM1 on overall survival. * Listed are adverse events with an onset that occurred from the first dose of any trial treatment through 30 days after the final dose of trial treatment and adverse events with an onset in the follow-up period that were determined by the investigators to be related to the trial drug or trial procedure. Patients may have had more than one adverse event. † One patient with a platelet count of 55,000 per cubic millimeter fell at home and died of an intracranial hemorrhage. ‡ The most common adverse event leading to discontinuation of the trial drug in the trastuzumab group was a decreased ejection fraction in 10 of 720 patients (1.4%). The most common adverse events leading to discontinuation of the trial drug in the T-DM1 group were a decreased platelet count in 31 of 740 patients (4.2%), an increased blood bilirubin level in 19 patients (2.6%), an increased aspartate aminotransferase level in 12 patients (1.6%), an increased alanine aminotransferase level in 11 patients (1.5%), peripheral sensory neuropathy in 11 patients (1.5%), and a decreased ejection fraction in 9 patients (1.2%). Table S7 in the Supplementary Appendix. † All listed adverse events are grade 3 except for decreased platelet count, which includes 0.1% of patients in the trastuzumab group and 2.0% of patients in the T-DM1 group who had a grade 4 decreased platelet count.
T h e ne w e ngl a nd jou r na l o f m e dicine
Patients with HER2-positive early breast cancer who have residual invasive disease after standard neoadjuvant therapies, which include trastuzumab, have a substantially less favorable prognosis than those with a pathological complete response. [3] [4] [5] However, pathological complete responses occur in only 40% to 60% of patients, 1,3-5 and a paucity of published data exist to provide guidance on postoperative therapy in patients in whom residual disease is detected in the resected breast specimen or lymph nodes. Since standard adjuvant therapy for HER2-positive breast cancer is 1 year of HER2-targeted therapy, completion of this therapy in patients undergoing neoadjuvant therapy has become an accepted practice, irrespective of pathological response status. In the KATHERINE trial, switching from HER2-directed therapy to single-agent T-DM1 after neoadjuvant chemotherapy with trastuzumab-based neoadjuvant therapy (either single or dual HER2 blockade) improved outcomes in patients with persisting invasive cancer at surgery. It is notable, however, that even with the improved outcomes seen with T-DM1 in these patients, the central nervous system was one of the sites of first recurrence in approximately 5% of patients in both treatment groups (Table S2 in the Supplementary Appendix). Recurrence in the central nervous system in patients with HER2-positive early breast cancer remains a persistent problem for which effective therapies are lacking.
Our trial is the third global, phase 3 trial to show greater improvement in outcomes with additional HER2-targeted therapy than with 1 year of trastuzumab alone in patients with HER2-positive, early breast cancer. The ExteNET trial evaluated 1 year of extended adjuvant therapy with neratinib monotherapy as compared with placebo after completion of 1 year of trastuzumab. 17 In the APHINITY trial, patients were randomly assigned to receive either pertuzumab or placebo added to standard adjuvant chemotherapy plus 1 year of treatment with trastuzumab for resected, operable, HER2-positive breast cancer. 18 The KATHERINE trial focused on higherrisk patients with residual invasive breast cancer after completion of neoadjuvant chemotherapy administered with trastuzumab-containing therapy. Differences in trial designs and patient populations limit the usefulness of comparisons among these studies. For example, patients in the KATHERINE trial had a substantially worse baseline prognosis than those enrolled in the ExteNET and APHINITY trials.
The safety profile of T-DM1 was consistent with that in previous studies; as expected, there were more adverse events with T-DM1 than with adjuvant trastuzumab. Higher-grade or enduring adverse events are of particular importance in the treatment of early breast cancer. All the patients in our trial had received neoadjuvant therapy with a taxane, and patients with preexisting grade 1 neuropathy were allowed to enroll in the trial. Peripheral sensory neuropathy of any grade was reported in 138 patients in the T-DM1 group (18.6%) and in 50 patients in the trastuzumab group (6.9%), and grade 3 peripheral sensory neuropathy was reported in 10 patients in the T-DM1 group (1.4%). By the time of data cutoff, neuropathy had resolved in 103 of 138 patients in the T-DM1 group (74.6%). Despite a higher percentage of patients with thrombocytopenia in the T-DM1 group, the percentages of patients with hemorrhage of grade 3 or higher were similar in the two groups (0.4% in the T-DM1 group and 0.3% in the trastuzumab group). However, 1 patient in the T-DM1 group died of an intracranial hemorrhage associated with a fall and grade 2 thrombocytopenia. Two cases of hepatic nodular regenerative hyperplasia occurred in the T-DM1 group. Radiation pneumonitis occurred in 11 patients in the T-DM1 group (1.5%); this incidence was higher than that in the control group (0.7%). There were fewer cardiac events in the T-DM1 group than in the trastuzumab group, although there were only five events (0.3%) overall.
A potential limitation of the KATHERINE trial was the pragmatic decision to preferentially use the pretreatment core biopsy specimen of the primary tumor to centrally confirm positive HER2-status. The apparent loss of HER2-positive status in patients with residual disease after neoadjuvant therapy has been reported, 19 ,20 but our trial was not designed to specifically address the activity of T-DM1 in this subgroup. Further analyses to define the rate of HER2 loss in the postsurgical specimens and the activity of T-DM1 in these patients are planned and possible, since paired specimens from more than two thirds of the patients in the trial have been obtained.
In conclusion, in this randomized, phase 3 trial, among patients with HER2-positive early breast cancer who had residual invasive disease after completion of neoadjuvant therapy with a trastuzumab-containing regimen, the risk of recurrence of invasive breast cancer or death was 50% lower with adjuvant T-DM1 than with trastuzumab alone. The homogeneity of benefit was seen across all subgroups.
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